The essential facts about the nature of the hydrogen embrittlement of steels have now been known for 140 years. It is diffusible hydrogen that is harmful to the toughness of iron. It follows, therefore, that the harmful influence of diffusible hydrogen can be mitigated by preventing its entry into steel or by rendering it immobile once it penetrates the material. This review deals with the methods that might be implemented to design steels and components that resist hydrogen embrittlement by reducing the intake of hydrogen or rendering it innocuous when it does penetrate the steel.
Introduction
In the year 1875, Johnson 1) revealed extraordinary changes in the toughness and breaking-strain of iron that was immersed temporarily in acid for just a few minutes. He further observed that the change is not permanent since "with the lapse of time, the metal slowly regains it original toughness and strength". Indeed, he went on to observe that the moistened fracture surface of an embrittled steel liberated gas bubbles ("frothing", with the bubbles even seen under oil). The same paper found that a strong steel has a greater loss in toughness due to immersion in acid than one which is soft. A number of acids were studied and only those that produce hydrogen by their action on iron were found to lead to a deterioration of properties. Furthermore, the hydrogen had to be nascent, not molecular, since leaving it in hydrogen gas did nothing to the properties of the steel. To separate out the effect of acid and hydrogen, he designed an electrochemical charging method using only Manchester town's water, and proved that the iron electrode where hydrogen is liberated embrittled whereas the other one was not.
The paper by Johnson is a wonderful example of proper scientific method, which with elegantly simple experiments captured the essence of the embrittlement phenomenon, many aspects of which are rediscovered with much fanfare in modern literature. The following conclusions can justifiably be reached from this 1875 paper:
1. it is hydrogen that embrittles steel, not the acid; 2. that the hydrogen is nascent, not molecular; 3. it is diffusible hydrogen that embrittles 1 , so the phenomenon is reversible;
4. the effusion of diffusible hydrogen from the steel leads to frothing (bubbles); 5. that stronger steel is more susceptible to embrittle-ment than softer versions. The role of nascent hydrogen became well-established in the fifty years that followed, and unique experiments were published to relate the embrittlement to microstructure. For example, Pfeil 6) showed that large-grained samples are more sensitive to hydrogen than those with fine structures. He postulated that hydrogen decreases the cohesion across cubic cleavage planes, but does not affect slip. Single crystals of iron were shown to be embrittled by hydrogen, an effect attributed to machining strains. The details of Pfeil's and other contemporary work regarding cohesion or slip might be challenged in the light of modern understanding, but the 38 000 papers published subsequently on hydrogen embrittlement do not change the conclusions summarised above. One important phenomenon that emerged from diffusion measurements, is that diffusible hydrogen can be trapped at sites such as boundaries 2 . 7) That which is likely to be sufficiently strongly trapped may not harm the steel. It follows that to produce steels that are resistant to hydrogen, all that is necessary is to control diffusible hydrogen. This can be done by introducing benign traps in the steel or preventing the ingress of hydrogen. What follows below is based on this simple logic. We begin by considering methods that hinder the penetration of hydrogen into steels. Some of the coatings involved have multiple purposes, for example, aesthetic appearance, retention of lubricant, etc. but at the same time are significant barriers to hydrogen ingress. 1 The fact that diffusible hydrogen embrittles is now widely recognised and forms the basis of many designs where the transport of hydrogen through the steel is impeded by introducing traps. 2-5, e.g.) Hydrogen is present in minute quantities in steel, usually less than 1 part per million, but is attracted towards stress fields of the type associated with a crack tip. It therefore diffuses there, concentrates and thereby alters the fracture mechanism to the detriment of steel. Hence the need for diffusible hydrogen for embrittlement.
Black Oxide
The so-called black oxide conversion-coating is generated on steel by immersion in an aqueous solution of 60-80% sodium hydroxide containing an oxidising agent such as 15-40% sodium or potassium nitrite or nitrate at a temperature of about 130-150°C, for ≈ 30 mins. [9] [10] [11] The final oxide is magnetite, 12) resulting from the following reaction sequence: The oxide can also be a mixture of Fe 3 O 4 and Fe 2 O 3 . The alkaline nature of the solution is important because there is no hydrogen evolved in the process (Eq. (1)) which might otherwise embrittle the steel. 13) The original goal of the black oxide coating was to provide some resistance to atmospheric corrosion and this function can be enhanced by immersion of the component in hot oil because the thin oxide film, typically 1-3 μm, can otherwise be permeable 3 . The coating does not compromise the friction coefficient and hence can be used for components such as bearings, although the benefits are not sustained under severe operating conditions. 14, 15) In many cases, black oxide coatings are introduced to enhance the aesthetic appearance of the product. 16) Black oxide has been applied to wind turbine bearings in an attempt to reduce the occurrence of axial cracks. 17) One interpretation is that the oxide retards the diffusion of hydrogen into the steel. Permeation 4 experiments on pure iron on which a passive oxide film was produced using an equivolume mixture of 0.15N Na 2 B 4 O 7 ·10H 2 O and 0.15N NH 3 BO 3 on the anodic side of a Devanathan and Stachurski cell, indicated a much lower influx of hydrogen into iron that is coated.
18) The film studied was only 2-3 nm thick, some three orders of magnitude thinner than the black oxide coatings discussed here. Such a thin film is unlikely to be representative in the context of the porosity that is known to exist in black oxide coatings. The detailed composition of the film was not stated in the original study. Nevertheless, the indications are that the diffusivity of hydrogen (D H ) in the thin oxide film is some twelve orders of magnitude slower than in the pure, annealed iron. 18) There are no similar data for the thick black oxide films. However, when steel samples are stressed using a C-ring, 19) it is claimed that those that are black-oxide coated and immersed in a corrosive solution fail later than uncoated controls; the evidence presented in support of this claim 11) is at best regarded as schematic 5 . Nevertheless, there is a general impression in the industry that oxides of metals including steel, reduce the permeability of hydrogen and its isotopes by at least an order of magnitude. [20] [21] [22] There may be additional factors that determine the utility of such oxide coatings. The coating may, for example, help reduce surface degrading reactions between additives in the lubricant and the steel surface, thus mitigating the initiation of surface cracks. 11, 23, 24) Surface distress has under test conditions been reduced in black-oxide coated samples. 11) And the tendency for micropitting is reduced by the presence of black oxide during rolling-sliding wear tests, when compared to untreated steel. 25) In summary, the oxide coating may have multiple advantages, including a reduction in the infusion of nascent hydrogen into the steel and in retarding the initiation of surface cracks caused by reactions with lubricants.
Cadmium, Nickel and Alloy Plating
Cadmium is often used as a sacrificial coating on steel, especially in marine environments, but its application is declining due to toxicity issues. Cadmium and tin both have a much smaller hydrogen diffusion coefficient than ferrite, Fig. 1 . It happens also to be a barrier to hydrogen permeation; Fig. 2 illustrates how the hydrogen effusion rate from previously charged samples of steel is dramatically reduced when coated with cadmium.
Strong steels are often electroplated with cadmium or zinc as protection against corrosion but the plating process itself introduces hydrogen into the steel. It is then necessary to subject the component to a "de-embrittling" heat treatment, typically 190-230°C for 8-24 h 30, 31) in order to allow diffusible hydrogen to escape, assuming that this additional heat-treatment does not compromise the other mechanical properties of the alloy. However, alloying zinc with nickel greatly reduces this penetration of hydrogen into the steel 31) because nickel deposits first and forms a diffusion barrier. 32) Nickel is a diffusion barrier to hydrogen when plated on ) and a thickness (z, m). However, some authors define the permeability as a function of the driving pressure p of hydrogen gas, i.e., Jz p / , with units moles m − 1 s − 1 Pa − 1/2 . 5 Figure 3 in 11) has no scales and details are not available for scrutiny.
steel; the diffusivity of hydrogen in nickel at room temperature is about 5 × 10 − 11 m 2 s − 1
. 27) Figure 1 shows that at ambient temperature, the diffusivity in nickel is orders of magnitude smaller than in ferrite, but comparable to that in ferrite containing strong hydrogen-traps. Nickel can therefore be applied in order to prevent the infusion of hydrogen into the steel; the plating obviously should be implemented in a manner that does not introduce hydrogen into the steel.
Some illustrative data are presented in Table 1 ; in contrast to 4 340 steel, the work on the 300 M alloy shows only a modest improvement due to the Zn-Ni coating relative to a cadmium coating. Figueroa and Robinson 33) attribute this to the presence of defects in the Zn-Ni coating that leave some of the steel exposed, but why this is specific to 300 M steel is not clear. It is speculated that the high silicon content of 300 M relative to 4 340 may result in relatively poor surface quality for coating purposes. [34] [35] [36] [37] It is noteworthy that the passage of hydrogen through a coating depends not only on its diffusivity, but also the ability of adsorbed hydrogen to recombine into molecular form and escape as bubbles before it is able to enter the coating. Hydrogen ingress can be reduced by the presence of cadmium in the coating because it increases this recombination rate. 38) 
Other Coatings
Hard coatings such as alumina, TiC, TiN, TiO 2 , BN, H 3 PO 4 glass, Cr 2 O 3 and WC, all are in principle formidable barriers to the permeation of hydrogen, although the actual performance depends on the structural integrity and defect structure of the coating. 21) And the practical utility of the coating depends on the service conditions. If the coated regions are subjected to localised stresses then the coating may wear out or detach. Typical diffusion coefficients are illustrated in Fig. 3 .
In experiments on high-vacuum stainless steel systems, 1 μm films of TiN have been shown reduce the hydrogen outgassing rate from the steel by some five orders of magnitude. 43) Films of Cr 2 O 3 just 3 nm thick have been shown to present barriers to the diffusion of hydrogen; 44) an iron-rich oxide of the Fe 2 O 3 type on stainless steel that is deliberately oxidised can be even more effective as a barrier to passage of hydrogen than the pure chromia film. 45) TiC of near stoichiometric composition has a hydrogen diffusivity many orders of magnitude smaller than that in austenite; 39) ZrC x , where x ≈ 0.64 − 0.81, has D H of a similar magnitude to that in TiC. 46) Si 3 N 4 films of nanometre thickness have a much lower diffusivity for hydrogen relative to steel. 42) Ion nitriding to produce homogeneous mixtures of ε-Fe 3 N and γ ′-Fe 4 N with an underlying zone rich in nitrogen also inhibits the pen- 39) TiO2 parallel to the c-axis, 40) Al2O3 41) and Si3N4, 42) compared against corresponding diffusivities in steels from Fig. 1 . γ and α refer to austenite and ferrite respectively. etration of hydrogen into the steel as long as the compound layer does not have defects that leave the steel exposed. 47) Alumina is particularly interesting as a hydrogen or deuterium barrier because it can be deposited using a variety of well-established techniques. A 1 μm thick layer of crystalline α-alumina deposited using a plasma technique, on a reduced-activation tempered-martensitic steel has been shown to reduce the permeation flux by a factor of 10 3 , Fig. 4 . 48) The coating remained adherent during thermal cycling to temperatures as high as 800°C. Aluminising involves the creation of a surface layer that is rich in aluminium, either in solution or present as an intermetallic compound with iron; the pack process in which the steel is heated while embedded in aluminium-rich powder can be implemented on large components. The enriched region can be oxidised at the surface to produce an alumina layer < 2 μm thick, and since the aluminised region is some millimetres in thickness, the alumina can in principle be regenerated if necessary. It has been demonstrated that the presence of alumina reduces the permeation rate of hydrogen into the underlying steel by 3-4 orders of magnitude relative to the bare steel. 49) Phosphorus ion implantation to produce a strengthened amorphous surface layer provides a diffusion barrier, 50) possibly implying that it is difficult for hydrogen to penetrate a disordered structure. There is evidence that the diffusion of hydrogen through an amorphous iron-base alloy is orders of magnitude slower than in ferritic steel, 51) although it should be emphasised that the comparison is not rigorous because of the solutes added to make iron amorphous.
Hydrogen Trapping
Given that it is diffusible hydrogen that is damaging to steel, 1) any method that renders it immobile should mitigate its effects. Darken and Smith 7) observed experimentally that the rate of evolution of hydrogen from a charged specimen is slower than the rate of absorption during charging. Furthermore, a cold-rolled steel sample had a much higher saturation hydrogen content than one that is hot-rolled. It was concluded, therefore, that hydrogen can be localised at dislocations or at other "disturbances of, or departures, from the ideal lattice". Such a non-ideal lattice would be expected to impede the diffusion of hydrogen, as illustrated by the range of values plotted in Fig. 1 . The general and physically justifiable consensus is that strong traps reduce the susceptibility of the steel to hydrogen embrittlement. The presence of traps does increase the saturation hydrogen content of the steel but this trapped hydrogen is innocuous. A recent paper on X80 pipeline steel commented that the large density of traps on the steel increases its susceptibility to hydrogen-induced cracking, 52) but we do not believe this is well-founded because the comment is based on the fact that the steel with traps absorbs more hydrogen.
Since a trap provides a favourable environment for the hydrogen atom to reside in, there is a reduction in energy ∆E following its transfer from a normal to a defect site 53) so that ∆E is negative. Trapping energies have been widely investigated for all kinds of defects, using experimental techniques such as thermal desorption spectroscopy or mathematical models. 54-60, e.g.) The intention here is not to review or assess trapping energies, but rather to focus on how such traps might be exploited in order to mitigate hydrogen embrittlement. It is generally accepted that modification of the transport rate of hydrogen is a promising route to improving hydrogen compatibility.
2)
It is worth noting here that using the concept of exploiting hydrogen traps to make steels more resistant to hydrogen embrittlement was in part stimulated by the observation of delayed fracture in strong steels that are subjected to hydrogen ingress. Delayed fracture occurs when a steel subjected to a stress that is small relative to its fracture strength measured on manufacture, undergoes spontaneous brittle failure after a period of time in service. 61) This failure under static load is attributed to the presence of hydrogen. Figure 5 shows how the fracture strength decreases with time in samples that have been charged electrolytically with hydrogen. The data show that for any component loaded initially at a stress greater than 600 MPa, fracture would occur after a short period in service. 61) 
Reversible and Irreversible Traps
In the present context, irreversible implies that trapped hydrogen is not able to re-enter the lattice and contribute to diffusible hydrogen during the service conditions and during the intended service life of the steel. This definition is somewhat different from specifying a particular trap Data from. 48) energy that distinguishes reversible from irreversible traps 62, e.g.) because such a procedure fails to account for time and environment. In a thermal desorption experiment, hydrogen evolved at a low temperature is weakly trapped whereas the 'irreversibly' trapped hydrogen is only released at higher temperatures. However, the actual temperature at which significant quantities of hydrogen are detrapped, depends also on the heating rate, emphasising the role of time. The equilibrium between trapped hydrogen and that dissolved in the matrix means that when the latter escapes, that which is trapped will release hydrogen to re-establish equilibrium, a phenomenon confirmed directly using autoradiography. 63) As pointed out by Maroef et al., 58) a trap with a binding energy of 100 kJ mol − 1 is considered irreversible at ambient temperature but becomes reversible at a sufficiently high temperature.
The distinction between reversible and irreversible traps becomes particularly important when modelling the effect of hydrogen on mechanical properties. The quantitative effect is expressed as an empirical hydrogen influence factor [64] [65] [66] that then is incorporated into expressions for the fatigue crack growth rate. The influence factor is defined differently for diffusible and nondiffusible hydrogen, with a working assumption that the hydrogen released under 'ambient conditions' is classified as diffusible. 67) Typical traps for hydrogen and the associated binding energies (E b ) are listed in Table 2 , with the definition of E b illustrated in Fig. 6 . It is suggested that permeation experiments directly yield E b whereas thermal desorption gives the combination E b + Q, where Q is the activation energy for hydrogen diffusion. 58) This may not strictly be correct if the appropriate theory is used to interpret thermal desorption experiments so that E b can be obtained directly. 68) Kissinger's reaction rate theory 69) is widely applied to derive a detrapping activation energy (E b + Q), but it is not fit for purpose since it deals with homogeneous reactions, whereas the experiments involve diffusion towards the sample surface. There is nothing in the theory regarding Table 2 . Published data on trapping (binding) energies Eb for hydrogen or deuterium atoms in ferritic steels. Notice that nickel in ferritic iron (α) repels hydrogen. Austenite is labelled 'γ'. The binding energies have been rounded off to integers. It should be noted that the strain field of a dislocation is reduced by the segregation to it of carbon or nitrogen, so the tendency for trapping hydrogen also diminishes. 76) ( † quoted from the secondary source;
2) it has not been possible to obtain the original paper. 77) The hydrogen located at microscopic voids is believed to be in molecular form so it is not clear why the trapping energy is so small. 'TDA' stands for thermal desorption analysis. 'M' represents metal atoms. 70) on the other hand, explicitly handles Q and E b and therefore is able to deal with the capture and release of hydrogen from traps, and its diffusion through the lattice. There will, in any event, be considerable uncertainties in the measurement of E b for all techniques since much of the theory is applied as if there is a single type of trap site, whereas in practice a real material will contain a variety of traps and a spectrum of binding energies. This kind of a problem is best handled using numerical or computational methods as in. 68, 71) In spite of these uncertainties in the absolute values of E b , it is likely that the rankings of trap potencies are reasonable; for example, a dislocation core is expected to be a deeper trap for hydrogen than its elastic strain field (Table 2) . Table 2 also lists the trapping ability of individual solutes. The binding energies quoted are likely to be reliable as far as the separation of the activation energy of diffusion and E b is concerned, because they come from calculations or magnetic relaxation methods. Furthermore, those deduced using techniques such as thermal desorption spectroscopy may not be rigorous because the solutes also cause microstructural changes and hence trapping tendencies; this is reflected, for example, in the study of the role of tungsten on hydrogen trapping. 72) Voids into which hydrogen locates and combines to form the molecular variety would in general fall into the irreversible category because the molecular hydrogen would need to dissociate before it can re-enter the iron lattice. On the other hand, although carbon atoms dissolved in the steel have an association with hydrogen, 73) they represent weak traps; 74) if the diffusible hydrogen in the lattice reaches a concentration below that expected in equilibrium with such a trap, then the hydrogen would be expected to re-enter solution.
Even weak traps reduce the ability of hydrogen to diffuse through the steel. Thus, water-quenched, martensitic 2.25Cr1Mo steel has an apparent hydrogen diffusivity at ambient temperature, as measured by permeation, to be , but the quantity of irreversibly trapped hydrogen increases by about an order of magnitude relative to the untempered state. 75) 
Atomic Traps
We have seen from the data presented in Table 2 that individual atoms can attract hydrogen atoms but the mechanism of trapping can vary, and each solute atom is not in general likely to attract more than a couple of hydrogen atoms.
The chemical affinity of titanium for hydrogen is known to be potent. Hydride precipitation is possible in titanium based alloys and because the reaction is reversible, hydrides have been proposed for large scale hydrogen storage systems. Pressouyre and Bernstein 54) demonstrated that titanium atoms in Fe-Ti ferritic alloys can act as lowoccupation traps with − E B ≈ 26 kJ mol − 1 . High-manganese twinning-induced plasticity steels (TWIP, typically Fe-18Mn-1.5Al-0.6C wt%) exhibit combinations of elongation and strength that might be attractive [100] [101] [102] but can be susceptible to delayed, hydrogeninduced failure. [103] [104] [105] [106] [107] [108] However, it is known that adding less than 2 wt% of aluminium ameliorates the situation. 60, 109) Possible mechanisms of the role of aluminium include:
• suppression of strain ageing due to carbon, with the resulting reduction in the flow stress making hydrogen embrittlement less likely.
110)
• Aluminium might reduce the absorption of hydrogen 111, 112) but this is inconsistent with experimental data 113, 114) that indicate the opposite effect.
• Phase transformation into ε-martensite, or mechanical twinning, may mitigate hydrogen effects.
113)
• Hydrogen reduces the shear modulus of the austenite whereas aluminium has the opposite effect in the presence of hydrogen. This might in some way relate to hydrogen embrittlement. 114) There is a further explanation that is generic to ferritic and austenitic steels, that aluminium influences binding energies and the local density around the aluminium atoms. Thus, in the context of low-alloy steels, first principles calculations show that aluminium-alloyed ferrite should be more resistant to hydrogen than that which has silicon added. 115) In austenite, the distance between a substituted aluminium atom and the adjacent iron atom is greater than between a corresponding pair of iron atoms (Fig. 7(a) ). This additional space makes an atom of aluminium a weak trap with a binding energy of 6 kJ mol − 1 , which is the reason why the aluminium-alloyed TWIP steel absorbs more hydrogen in charging experiments (Fig. 7(b) ).
ε-carbide and Cementite
Fukui et al. 116) studied the delayed fracture behaviour of six different steels following immersion in a 0.1N HCl solution for 30 h. They characterised the response with the ratio of the fracture strength measured following immersion, to the strength determined in the unexposed samples. The steels were quenched and then tempered at a variety of temperatures, in all cases for 1 h. Two of the steels studied had similar carbon concentrations in the range 0.2-0.21 wt%, but quite different silicon contents at 0.27 and 0.75 wt%. It was noted that both steels exhibited favourable peaks in the embrittlement ratio 6 , with the peak at 250°C (Fig. 8) in the 6 This ratio is sometimes known as the 'delayed fracture ratio'. low-silicon alloy and at 300°C for the higher silicon steel. They suggested that this is because ε-carbides form during low-temperature tempering, but when the silicon concentration is greater, the precipitation is retarded to 300°C. Silicon is known to retard the conversion of transition carbides such as ε-carbide into cementite, [117] [118] [119] [120] [121] [122] [123] because of its incredibly low solubility in cementite that is in equilibrium with austenite [124] [125] [126] and ferrite. 127) If ε-carbide is a more effective hydrogen-trap than cementite, then this would explain the shift of the peak in the delayed fracture embrittlement ratio to higher temperatures in the silicon-rich steel, Fig. 8 . It is reasonable to argue that ε-carbide would be more effective than cementite particles of the same size, in trapping hydrogen. This is because it has a lower interfacial energy with the ferrite and its coherency or semi-coherency with the matrix results in strain fields that attract and pin hydrogen. 128) ε-carbide is not thermodynamically stable relative to Fe 3 C, and yet forms first because of this coherency which reduces the activation energy for nucleation. Not surprisingly, cementite formed by quenching and tempering a 0.2 wt% C steel has been reported to have a negligible effect on the trapping of hydrogen 129) and a similar conclusion was reached in a higher carbon steel. 130) Ferrite-cementite interfaces are weak traps (Table 2, 91) ). Indeed, cementite in the absence of a significant trapping capacity can be positively harmful in initiating hydrogen-induced cracking. 131) ε-carbide as a phase can absorb hydrogen and even form a compound Fe 2 HC, in addition to acting as a trap via its coherency strain fields.
132) The evidence for this comes from experiments where the hydrogen content of the carbide has been chemically analysed. 132) Recent atom-probe tomography, Fig. 9 , has revealed the segregation of hydrogen to ε-carbide, and the data seem to suggest that the hydrogen is in fact inside the carbide particles. 133) The amount of hydrogen associated with incoherent TiC particles seems to correlate with the volume of the carbide, indicating that it too is capable of absorbing hydrogen within its structure. 93) In this case, the hydrogen is apparently trapped at carbon-vacancies within the lattice. Small, semicoherent TiC particles have fewer such vacancies and hence their trapping mechanism is primarily through interface structure and strain fields.
The general conclusion that cementite-ferrite interfaces represent ineffective traps for hydrogen (Table 2 , 88, 91) ) with E B of the order of 11-18 kJ mol − 1 is not consistent with ab initio calculations that suggest E B ≈ 47 kJ mol − 1 . 134) However, the calculations may not be representative because the interface studied had to be made coherent due to the nature of the method used, by artificially implementing a huge adjustment to particular lattice parameters.
Substitutionally-Alloyed Carbides and Nitrides
The carbide particles that precipitate at temperatures where substitutional solutes such as molybdenum, vanadium, niobium and titanium become mobile over length scales of a few nanometres are particularly interesting from the point of view of hydrogen trapping. With appropriate tempering at temperatures in the range 500-600°C, the distance over which the atoms will move is in the range 1-1 000 nm 135, p. 74) for typical tempering times. This means that the carbide dispersion can be carefully controlled while at the same time selecting tempering conditions that are suitable for the other properties required of the steel. 136) Vanadium based carbides have long been known to be effective in mitigating hydrogen-induced delayed fracture in strong bolting steels (Fig. 10) . The binding energy determined using thermal desorption analysis is found to be 33-35 kJ mol − 1 . It has been argued 134) that the key trap in V 4 C 3 is at carbon vacancies in the lattice, but the binding energy calculated for this is not consistent with that measured; furthermore, it has been demonstrated that the state of coherency with the ferrite influences the hydrogen trapping capacity, 137) emphasising the role of the strain fields around the carbides. Atom-probe data, although uncertain 7 , appear to show deuterium segregation to the interface 139) rather than within the carbide itself.
ε-Ti(C,N) carbonitrides with a tetragonal unit cell and the orientation relationship:
111 342 110 221
have a high degree of coherence with the ferritic (α) matrix 8 . Permeation experiments have shown that in enamelling steel (Table 3) they form hydrogen traps whereas Ti(C,N) with a face-centred cubic structure or TiS particles are incoherent and do not contribute to the trapping phenomenon. 144) This, however, is not a generic conclusion because there is ample evidence that the most powerful traps are associated with the incoherent TiC particles, with − E B ranging from 46-116 kJ mol − 1 depending on the state of coherency. e.g., 92) But it is worth emphasising that the crystal structures of the titanium carbides are often not reported.
The first direct determination of a hydrogen isotope, deuterium, at a coherent TiC/ferrite interface using the atom probe was by Spitzangel et al., 145) Fig. 11 . It is interesting that the titanium carbide contains some hydrogen, though not deuterium. In a more recent experiment using a tomographic atom probe, deuterium was used in order to distinguish from hydrogen present in the instrument Fig. 10 . Comparison of the susceptibility to delayed fracture, of two bolting steels whose detailed chemical compositions are given in Table 3 . The steel with vanadium contains vanadium carbides that serve to trap otherwise diffusible hydrogen, thus dramatically reducing its apparent diffusivity D. Therefore, the embrittlement ratio is much larger with the vanadium-containing steel, a higher ratio implying that the static fracture strength is less affected by hydrogen. Data from.
140)
7 There is an interesting discussion about the uncertainties of measuring hydrogen in the atom probe, 138) together with evidence for hydrogen trapping at a precipitate in an aluminium alloys. 8 The plane indices ( ) 221 are a correction of the original ( ) 221 so that the angle between the plane normal and direction [342] becomes 90°, as is it for the corresponding indices in ferrite. itself; 146) this work confirmed the segregation of deuterium in the proximity of the small titanium carbides. Spitzangel et al. suggested that it would be useful to examine larger, incoherent particles, to see whether the particles themselves contained hydrogen.
Atom probe tomography has been reported for deuterium segregation in the proximity of V 4 C 3 precipitates. 139) Similar results have been reported for ε-carbide because there is a strong correlation between the carbon and hydrogen concentrations. 133 ) Figure 12 shows two examples of experiments that demonstrate that carefully designed vanadiummolybdenum carbide can be very effective in trapping hydrogen. In the case of the bearing steel SUJ2, 147, 148) the sample was tested immediately after charging and it was established using a control experiment where the sample was heated at 3K min − 1 , that the peak below about 150°C is due to the evolution of diffusible hydrogen. Data confirming the attribution of this peak to diffusible hydrogen are available also for lower carbon quenched and tempered steels 149) and for pure iron and eutectoid steels.
150) The actual temperature range over which diffusible hydrogen is released will depend on the heating rate and sample size used in thermal desorption analysis 9 . The subsequent smaller peak at temperatures in excess of 350°C corresponds to the release of trapped hydrogen, although the nature of the traps was not stated.
The second steel is not a bearing alloy, and is tested after allowing the diffusible hydrogen to escape from the 8 mm diameter samples by holding at 20°C for 100 h. 137) It is heat treated to precipitate fine particles of (V,Mo) 4 C 3 which through their coherency strain fields are able to trap hydrogen. The peak corresponding to this particular alloy therefore represents only the trapped hydrogen.
Efficacy of Traps
While traps undoubtedly reduce the mobility of hydrogen atoms in ferrite or austenite, in circumstances where the amount of hydrogen that enters the steel is large, they actually increase the uptake of hydrogen. Given that the trapped hydrogen will be in local equilibrium with the lattice, if E B is small, then it would be easy for the trap to act as a source of diffusible hydrogen if the concentration in the matrix becomes depleted below the equilibrium value. The traps in these cases would not mitigate the embrittlement of the steel. Akiyama 143) pointed out that a particular bolting steel (Table 3) containing molybdenum carbides did not show exceptional resistance to hydrogen embrittlement in cyclic corrosion tests because of the high hydrogen uptake of the steel.
141) The molybdenum carbides are relatively weak traps (Table 2 ) and hence the supply of diffusible hydrogen would be maintained by equilibrium with the matrix. In order for traps to be effective, they must have a large enough binding energy so that the equilibrium concentration of diffusible hydrogen in the matrix is much smaller than required to cause embrittlement.
It has been suggested that there is a critical diffusiblehydrogen concentration H C below which delayed fracture does not occur for a steel with the microstructure defined. This is determined experimentally. If the amount of hydrogen that enters the steel from the environment, H E , is less than H C , then delayed fracture is said not to occur in service. 29, 152, 153) So the problem reduces to one in which the steel and its heat treatment are designed to maximise H C , possibly by using hydrogen trapping carbides. In the work described in the preceding paragraph, 143) laboratory experiments were performed in which samples were charged with hydrogen, rather than exposed to an environment. Therefore, the traps would have been saturated, and subsequently served as sources for hydrogen. What really is needed in order to assess the efficacy of traps is a reliable measure of H E and this presumably cannot be achieved without exposure in an actual service environment. Tarui et al. 153) claim that there is little correlation between accelerated tests (using hydrogen charging) and performance in actual environments. Figure 13 is a particularly useful extract from more comprehensive data, 154) because the bolt did not contain diffusible hydrogen, only trapped hydrogen and in a quantity that turned out to be very small, at about 0.2 p.p.m. This is important to note because numbers like these define the trap capacity that must be built into bolts in order to 9 A useful practical definition of diffusible hydrogen is that which escapes when the steel is left at room temperature for several days. avoid delayed fracture.
Although some inclusions such as MnS are associated with large trapping energies (Table 2) , the inclusions themselves can harm the overall properties depending on their size and distribution. It has, for example, been concluded that the experimentally observed accumulation of hydrogen around MnS inclusions is responsible for failure in fatigue testing. 155) This applies also to fatigue initiated at oxide inclusions. 156, 157) Therefore, inclusions that are weakly bonded to the steel and at the same time initiate fracture because of their size, are not suitable as deliberate hydrogen traps. As emphasised in the introduction, it is the benign traps such as the semi-coherent carbides that should be exploited in this context.
Retained Austenite and Hydrogen Mobility
In a study of two quenched and tempered martensitic steels, Figueroa and Robinson 33) concluded that martensite which is surrounded by retained austenite is more resistant to hydrogen embrittlement because the austenite is a sink for hydrogen. AerMet 100 (Table 4) often contains austenite that forms by reversion during the seondary-hardening heat treatment; this correlates with the absence of significant embrittlement following electroplating. In contrast, the same treatment causes a large loss of toughness at comparable strength, in 300 M steel which does not contain austenite in its microstructure.
Retained austenite is able to act as a trap for three reasons, first that the solubility of hydrogen is greater in that phase, secondly the low rate at which hydrogen can diffuse in austenite, and thirdly, the γ /α interface is a strong trap 85) so that once the hydrogen enters the austenite, it is more difficult for it to leave. The ability of retained or reverted austenite to absorb excess hydrogen has been repeatedly demonstrated. 33,158-164, e.g.) It should be noted that if the austenite during service transforms into brittle martensite, the latter would inherit the hydrogen concentration of the austenite, which is likely to be detrimental to overall properties. 158) Retained austenite also reduces the overall diffusivity and permeability of hydrogen through the steel. 159, 165) Following, 33) if ferrite can be completely surrounded by austenite, then the mobility of hydrogen through the structure should be greatly reduced. Nanostructured bainite forms the ideal test material for this concept given that the amount of retained austenite which is present as thin films is above the percolation threshold. Figure 14 shows first that the diffusivity of hydrogen increases sharply as the retained austenite content falls below the threshold value of V V γ ≈ 0.1 in nanostructured bainite. 165) Secondly, the duplex steel contains the largest amount of austenite but its morphology is such that there is a continuous path through the ferrite, thus leading to a greater diffusivity than the nanostructured bainite with austenite fraction greater than the percolation threshold.
When the austenite fraction or its morphology is such that it does not percolate sufficiently to surround the ferrite, it nevertheless requires the hydrogen to follow a tortuous path through the ferrite. In duplex steels this has been shown to reduce the effective diffusivity by a factor of two. 85) A comparison of the reduction in tensile ductility in samples charged with hydrogen indicates that the nanostructured bainite has a greater resistance to embrittlement when compared with a quenched and tempered martensitic microstructure produced in the same steel.
166) The experiments were designed to test both the martensitic and bainitic structures at approximately the same strength level. The better resistance of the bainite was attributed to the presence Fig. 13 . Thermal desorption data for hydrogen in a typical highstrength bolt that has been used on a bridge for five years.
of retained austenite and a large density of interfaces that might trap hydrogen. Finally, it is noteworthy that hydrogen per se does not influence the stability of the austenite. 167) 
Lath Boundaries
In a comparison of a variety of linepipe steel (0.05 wt% C) microstructures, permeation experiments established that bainite and acicular ferrite microstructures are far more effective in trapping hydrogen than ferrite-pearlite mixtures.
168) The measured apparent diffusivities were reduced by a factor of two by the trapping of hydrogen at the finely dispersed cementite/lath interfaces. This led to a significant increase in the resistance to hydrogen induced cracking. In that study, 168) cracks were found to nucleate at martensite-austenite boundaries (the so-called MA constituent). In a higher carbon steel containing three times as much carbon (0.15 wt% C), the microstructure at the lath boundaries was in addition found to be effective in trapping hydrogen, but cracks also initiated at those boundaries, presumably because of the coarser cementite particles, 169) and as a consequence, the tendency to crack normal to the lath boundaries.
Summary
That hydrogen embrittles iron, both austenitic and ferritic, is in no doubt and it does so at incredibly low average concentrations. It has been known since 1875 that it is diffusible hydrogen that is harmful. The conventional wisdom is that diffusion is necessary so that the hydrogen can concentrate at stress concentrations such as the tips of sharp cracks and therefore has greater consequences than indicated by a low average concentration. Figure 15 illustrates the key mechanisms that exist to ameliorate the effects of hydrogen in steel. A plethora of coatings exist that have been demonstrated to reduce either the outgassing of hydrogen in vacuum systems, or as diffusion barriers to the ingress of hydrogen. However, the choice of coatings available decreases when the coating has to perform multiple functions, for example to resist abrasion and impact. Coatings will contain defects that locally expose the steel; some sort of a sacrificial mechanism is then called for as in the case of the Zn-Ni coatings. The thickness and integrity of the coating will vary with the manufacturing process and has to be compatible with the service conditions of the protected component. The quality of the coating can depend on the chemical composition and structure of the substrate. Ion implantation can be used to favourably alter the surface of the steel.
Some phases within steels can actually soak-up hydrogen, for example the ε-carbide; however, retained austenite which is common in steels may be the most promiscuous hydrogen sink. In TRIP steels the austenite usually contains a large carbon concentration and is designed to transform into martensite under the influence of stress or plastic strain. The martensite would then inherit the hydrogen concentration present originally in the austenite and this may compromise the overall properties. Reverted austenite in marageing steels or in secondary-hardened steels containing a stoichiometric concentration of carbon are not expected to suffer from this difficulty because of the zero or low carbon concentration of the alloys.
Retained austenite can have a different function, that of acting as a diffusion barrier to hydrogen in predominantly ferritic steels. However, its volume fraction must be above a percolation threshold so that the ferrite is microscopically isolated. Even when the fraction is below the percolation threshold, the austenite can increase the tortuousity of the path that the hydrogen must follow through the structure, and hence reduce its ingress.
There are many varieties of strong hydrogen traps in steels, but by far the most advanced application of the concept of capturing diffuisible hydrogen within the steel has been in the invention of strong bolting steels that are not susceptible to delayed fracture. The bolts have been tested for many years in service and demonstrated to outperform those that do not contain the hydrogen traps. Furthermore, even after years of service, the bolts in their operating environment were found to contain less than 1 p.p.m. of hydrogen. The actual trapping capacity from the vanadium carbides is in fact much greater that that.
